A high-resolution (HR) data collection mode has been introduced to a whole-body, research photon-counting-detector CT system installed in our laboratory. In this mode, 64 rows of 0.45 mm x 0.45 mm detector pixels were used, which corresponded to a pixel size of 0.25 mm x 0.25 mm at the iso-center. Spatial resolution of this HR mode was quantified by measuring the MTF from a scan of a 50 micron wire phantom. An anthropomorphic lung phantom, cadaveric swine lung, temporal bone and heart specimens were scanned using the HR mode, and image quality was subjectively assessed by two experienced radiologists. High spatial resolution of the HR mode was evidenced by the MTF measurement, with 15 lp/cm and 20 lp/cm at 10% and 2% modulation. Images from anthropomorphic phantom and cadaveric specimens showed clear delineation of small structures, such as lung vessels, lung nodules, temporal bone structures, and coronary arteries. Temporal bone images showed critical anatomy (i.e. stapes superstructure) that was clearly visible in the PCD system. These results demonstrated the potential application of this imaging mode in lung, temporal bone, and vascular imaging. Other clinical applications that require high spatial resolution, such as musculoskeletal imaging, may also benefit from this high resolution mode.
INTRODUCTION
CT has been widely used in the diagnosis of various diseases and in almost all body parts. Some clinical applications, such as lung, vascular and temporal bone imaging, require excellent spatial resolution to delineate small anatomy and pathology. There are many factors affecting the spatial resolution of CT images, such as the focal spot size, detector pixel size, magnification, and image reconstruction kernel [1, 2] . Among these factors, detector pixel size plays a critical role in both in-plane and across-plane spatial resolution. For the majority of commercially available CT scanners, detector pixel size ranges result in effective pixels sizes from 0.5 to 0.625 mm at the iso-center. Such a detector pixel size is sufficient for most clinical applications, such as routine head and body CT exams. However, certain applications, such as lung and temporal bone imaging, can benefit from further spatial resolution improvements [3] . Further reduction of detector pixel size for conventional detectors is challenging from a technical point of view, and is associated with a reduced fill factor due to limitations in how small of a septa can be used between detector pixels. One approach to improving spatial resolution is to use comb or grid attenuators in front of the detectors to reduce the effective detector aperture [3] [4] [5] . This approach, however, comes with a reduction of dose efficiency as the comb or grid attenuations photons that have already passed through the patient and would otherwise have been detected.
Recently, photon counting detector (PCD) technology has attracted attention in X-ray and CT imaging [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . PCDs measure individual photons and their associated energy, rather than the integrated charge generated by all measured photons, as occurs with an energy integrating detector (EID). This enables a single-detector, single-source, and singletube-potential multi-energy imaging technique. Since PCDs use a direct conversion technique, rather than the indirect conversion technique in EIDs, the requirement of septa between detector pixels can be avoided. Therefore, PCDs don't suffer from a septa or grid-induced reduced fill factor as detector cell size is decreased. This may allow PCDs to provide a better spatial resolution than EIDs.
The purpose of study was to evaluate a new high-resolution (HR) imaging technique available on a research photoncounting-detector (PCD)-based CT system having smaller detector pixels relative to current EID technology. This was accomplished by quantitatively assessing image quality and demonstrating potential clinical applications using phantoms and cadaveric specimens.
METHODS AND MATERIALS

PCD-based CT Scanner and High Resolution Mode
A whole-body research PCD-based CT scanner, which was developed using a dual-source CT system platform with one x-ray source coupled to an EID array and the other to a PCD array, each of which are operated independently [15] [16] [17] [18] , has been installed in our lab. The native detector pixel size is 0.225 mm by 0.225 mm for the PCD system. However, the system is usually operated using macro pixels (0.9 mm by 0.9 mm) by grouping 4 by 4 native detector pixels ( Figure  1 ). The PCD system is capable of acquiring energy selective data with 2 or 4 energy thresholds, consequently yielding 2 or 4 energy bins. Detailed descriptions of the system can be found elsewhere [15] [16] [17] [18] . Previous studies using the system demonstrated that the PCD system was capable of providing clinical image quality at clinically realistic levels of x-ray photon flux commensurate with commercial EID systems, and providing improved CNR relative to state-of-the-art CT scanner performance using EIDs [19, 20] .
Recently, a high-resolution mode was implemented on the PCD subsystem of the research scanner to take advantage of the smaller detector pixel size, and consequently to improve spatial resolution to accommodate clinical applications in lung, vascular and temporal bone CT imaging. In this mode, instead of grouping 4 by 4 detector pixels together to form the 0.9 mm by 0.9 mm macro pixel, pixel grouping is reduced to 2 x 2 reducing the macro pixel size by half (Figure 1 ). This mode used 64 detector rows, each containing 960 pixels of size 0.45 mm by 0.45 mm, which corresponds to 0.25 mm by 0.25 mm at the iso-center. Due to the increased data rate this mode induces (4 times of that in macro mode), only one energy threshold was available for testing for each 2 x 2 pixel in this mode's current implementation.
Image Quality Assessment
To evaluate system performance and to demonstrate this high resolution mode's potential clinical impact, we performed a series of experiments using physical phantoms and cadaveric specimens.
Spatial resolution was assessed by scanning a 50 um diameter tungsten wire in air. Images were reconstructed with a 50 mm field of view (smallest available on the scanner) and CT numbers of the wire images were obtained, from which point spread function and consequently MTF were calculated. An anthropomorphic lung phantom (LUNGMAN, Kyoto Kagaku, Japan), with incorporated synthetic lung nodules of different sizes and shapes was scanned to evaluate the impact of high resolution on lung imaging. In addition, cadaveric specimens, including a swine lung, a swine heart, and a human temporal bone (Figure 2) , were scanned to evaluate image quality and to demonstrate potential clinical applications of the HR mode in different clinical arenas. The phantoms and specimens were scanned at 120 kV, the most commonly used tube potential in clinical practice, while using an energy threshold of 25 keV for all experiments. The tube-current-rotation-time product was between 120 to 300 mAs, depending on the phantom. Four consecutive axial scans were acquired at the same table location. All images were reconstructed with a sharp kernel (S80) and 0.25 mm slice thickness (S80 is a very sharp kernel available only in the service mode of operation or on an off-line reconstruction workstation). Two radiologists (each with over 15 years of experience) reviewed images from the anthropomorphic phantom and cadaveric specimens. Their focus was assessing image quality and potential clinical impact to provided qualitative feedback. Figure 3 shows the MTF curve of the PCD HR mode, which describes the spatial resolution available with the PCD HR mode. The MTF curve demonstrates a spatial resolution of 15 and 20 lp/cm at 10% and 2% modulation levels, respectively, results which are higher than those achieved using larger detector pixel configuration. Figure 5 shows sample images of the swine cadaveric lung, and the swine heart specimen. In Figure 5a , interlobular septa and centrilobular ground-glass opacities surrounding small airways are clearly visible in the lung specimen image, especially within the dependent portions of the upper lobe. Figure 5b shows a volume rendered image of the heart specimen. The heart vessels were filled with lead-based Microfill® before the scan. Transmural coronary arteries, which are much smaller than 1mm in diameter, are clearly visible in the volume rendered image. These images clearly demonstrate the high resolution of CT scanner. The right image shows clear delineation of the stapes superstructure (arrow) that typically is barely visible in images from commercial CT scanners. The improved clarity is mainly due to the increase in spatial resolution, especially the increased z-resolution, afforded by the PCD system (0.25 mm) compared to that of current EID systems (typically 0.4-0.6 mm).
RESULTS
CONCLUSIONS
In this study, we have implemented a high-resolution imaging mode on a PCD-based CT scanner, with pixel size of 0.25 mm by 0.25 mm at iso-center. MTF measurements from a thin wire scan demonstrated spatial resolution up to 20 lp/cm (at 2% modulation). This improvement in spatial resolution was achieved without the use of a dedicated HR comb or grid attenuator, making the acquisition markedly more dose efficient. Studies using anthropomorphic phantoms and cadaveric specimens demonstrated the potential impact of this imaging mode in lung, temporal bone, and vascular imaging. Other clinical applications that rely on high spatial resolution, such as musculoskeletal imaging, are likely to also benefit from this increased resolution capability.
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